We carried out an audit of needle cricothyroidotomy and transtracheal ventilation used during anaesthesia for elective endolaryngeal surgery. The data on 90 consecutive procedures was collected over two years. Patients were anaesthetized using a total intravenous technique. An intravenous cannula or Tuohy needle was placed through the cricothyroid membrane and the patient was ventilated via the cannula using high frequency jet ventilation.
Jacoby described percutaneous transtracheal apnoeic oxygenation for resuscitation in 1951 1 . His technique involved placing an 18 gauge needle through the cricothyroid membrane and connecting it via a syringe barrel and tubing to an oxygen supply. Oxygen was insufflated at 4 to 5 l/min. In 1956, Jacoby and colleagues successfully used the technique to maintain oxygenation of patients with airway obstruction undergoing anaesthesia. These patients would normally have had a tracheostomy performed under local anaesthesia 2 . At that stage, the authors emphasized that this was suitable only in emergency situations.
Jacobs in 1972 described percutaneous transtracheal ventilation as a means of overcoming the problems of carbon dioxide (CO 2 ) retention 3 . Using a 14 gauge intravenous cannula inserted through the cricothyroid membrane, oxygen was supplied at 60 psi (pounds per square inch) intermittently through a volume-type ventilator. This was used in 12 patients during resuscitation. They emphasized the need for free aspiration of air to ascertain correct cannula placement. If free exhalation was not possible then a second cannula was inserted (as a "safety valve").
One of the earliest descriptions of percutaneous transtracheal ventilation used in elective surgery was by Spoerel et al in 1971 4 . After trials with dogs, they identified pressures of 50 psi applied through a 16 gauge cannula as being able to deliver adequate ventilation. Twelve patients undergoing simple general surgical and gynaecological procedures were ventilated for 40 to 75 minutes, without problems. However two years later Spoerel described a case of massive surgical emphysema with bilateral pneumothoraces 5 .
It has been established that there must be free outflow of respiratory gases. Obstruction due to inadequate neuromuscular blockade or occurring during manipulation of the airway can be disastrous 6, 7 . Yet paradoxically, in some cases the technique has been advocated in the presence of airway obstruction. Carden 8 10 . In 52 of these patients the technique was used electively prior to and during anaesthesia. In the remaining 28 the technique was used for resuscitation of patients in acute respiratory distress. All patients included in the series had pathology of the upper airway. There were 14 complications: in seven patients subcutaneous emphysema occurred, in four exhalation difficulty, one case of arterial perforation and two of mediastinal emphysema. All recovered successfully.
In more recent series, transtracheal ventilation has been described as suitable for use in elective surgery including oral surgery 11 , laser endolaryngeal surgery 12, 13 and difficult airways 14 .
The incidence of complications related to the technique varies. Reported incidence of major pressurerelated complications (i.e., pneumothorax or massive surgical emphysema) vary from 0 11,12 to 15.4% 14. Minor local complications in terms of limited bruising or local surgical emphysema are commonly reported 4, 11 . Apart from the complication rate in these small series (with between 13 and 60 procedures per series) there have been a number of case reports of serious problems. These include barotrauma 15, 16 , cardiovascular collapse 17 and even cervical osteomyelitis 18 .
A survey by Ratnayake and Langford in 1996 19 crystallized some of the concerns regarding this technique. This paper surveyed the use and complications of transtracheal ventilation with both minitracheostomy and 14 gauge cannulae. They recorded failure to cannulate 7 to 17%, multiple attempts 9 to 20%, bleeding 0 to 36% and serious barotrauma 8.5% (with minitracheostomy). The 14 gauge cannula had the lowest complication rate (22% major complications), but five out of 27 kinked.
Jet ventilation, either via a catheter passed through the vocal cords 4 or via needle jets attached to the operating laryngoscope, is commonly used 20 . Both methods provide good surgical access. With the alarming complications listed above it is not surprising that the technique of transtracheal jet ventilation has been reserved by many as a "last resort" technique used in resuscitation.
Capnography can be used to correctly identify the intratracheal position of the cricothyroidotomy needle/catheter. The CO 2 waveform disappears when the needle is incorrectly placed in the soft tissues or oesophagus. As incorrect placement of the catheter can have disastrous consequences, especially in conjunction with high-frequency jet ventilation, expired CO 2 monitoring should be used to confirm correct placement where the catheter is not placed under direct vision 20, 21 .
We attempted to audit consecutively all the cases where cricothyroid puncture was used during routine elective endolaryngeal surgery.
METHOD
The procedure was carried out by the authors (WR, GJ), or by trainees under their supervision.
Our standard method included an intravenous induction, with or without neuromuscular blockade. Maintenance of anaesthesia was with total intravenous anaesthesia with propofol and either alfentanil or more recently remifentanil. An assistant carried out manual ventilation with a mask and Guedel airway. The cricothyroid membrane was punctured with a 16 gauge Abbocath (Abbott Ireland, Sligo) intravenous cannula or 16 gauge Tuohy (Portex Ltd, U.K.) needle. The cannula was angled to 150° to the coronal plane facilitating insertion and alignment in the trachea away from the tracheal wall. A 5 ml syringe containing local anaesthetic was attached to the needle or cannula and gently aspirated during insertion. On entry into the trachea, air bubbles are observed demonstrating free aspiration of air ( Figure  1) . A T-piece connector (Abbott Ireland, Sligo) was attached to the cannula ( Figure 2 ) as this allows connection and disconnection whilst minimizing the risk of displacement or kinking.
At this point correct placement was checked by observation of a normal capnograph trace from the cannula (as in Figure 3 ), if there was any doubt we also checked the position by direct laryngoscopy. The cords were either sprayed with local anaesthetic (2 ml of 4% lignocaine) under direct vision or via the cricothyroid cannula. The local anaesthetic injected via the cannula probably gave minimal anaesthesia of the cords but was very effective at obtunding reflex coughing in response to the initiation of jet ventilation. With the Guedel airway in place, high-frequency jet ventilation was commenced (The Bromsgrove Humidified Jet Ventilator, Penlon Ltd. U.K.). An FiO 2 of 1.0 was used; this was reduced as tolerated in the longer cases (Figure 4 ). In the presence of the laser, the lowest possible inspired oxygen concentration in nitrogen was used.
Usual settings were a pressure of 2Bar, rate of 100 and an inspiratory time of 33%.
For larger patients (greater than 100kg) we used a 14 gauge cannula and pressures up to 3Bar. With outlet obstruction it was necessary to reduce the rate and increase the expiratory time (the lowest used was 4 to 6 breaths per minute with a Sanders injector). In one case outlet obstruction was so severe that a second cannula was inserted to improve expiratory outflow.
The Guedel airway was removed to permit an unobstructed view of the operative site for the surgeon. During manipulation of the patient's position, or positioning of the laryngoscope, high-frequency jet ventilation was always discontinued. During these manoeuvres complete airway obstruction can occur, resulting in rapidly increasing intrathoracic volumes and pressures.
At the end of the procedure, residual neuromuscular blockade was reversed and anaesthesia discontinued. The cricothyroid cannula was left in place until the patient was fully awake. At that point the cannula was removed and gentle pressure applied to the puncture site.
RESULTS
Over a period of 24 months, 90 procedures were performed on 87 patients. Their characteristics are listed in Table 1 .
Of the 90 procedures 52 patients were paralysed with either suxamethonium (38) or nondepolarizing (14) and 34 had no neuromuscular blockade.
(Three were not recorded.) There were 12 complications in total. They were all minor and resolved without sequelae.
Only three were clearly related to the cricothyroid puncture. One minor bleed occurred before surgery (less than 1ml) and after difficulty in cannulation of the airway (three attempts). Two cases of surgical emphysema, consisting of limited crepitus around the neck occurred, the first with commencement of jet ventilation, after an uncomplicated cannula insertion. This resolved after the cannula was removed and replaced with a second cannula. The other case was after a difficult cannula insertion (three attempts) and presented in the recovery room after coughing. Both cases had very limited local surgical emphysema that resolved spontaneously.
There were two cases of bradycardia. Both responded to doses of glycopyrrolate and in both cases remifentanil was in use. Two cases of regurgitation occurred due to inadequate anaesthesia. These were not complicated by pulmonary aspiration.
In terms of technical problems there was one case of significant kinking of the catheter such that a capnograph trace could not be detected. The cannula was exchanged over a wire and the procedure carried on unremarkably. It was impossible to perform cricothyroid cannulation in one patient after greater than three attempts. Further investigation (laryngoscopy and MRI) could find no reason for this.
In our hands, we found that supervised trainees could be instructed to perform the technique quite quickly. One quarter of the procedures (19) were performed by anaesthetic trainees. Of these there were no complications, however in two patients the cannula required repositioning by the supervising consultant.
DISCUSSION
Needle cricothyroidotomy has a reputation for being difficult and dangerous, with a high failure rate due to misplacement or kinking 23, 19, 16 and an inevitable rise in CO 2 .
We have found it to be a straightforward technique, the vast majority of cricothyroidotomy cannulae being inserted correctly in the first attempt (82 patients). Supervised trainees are able to perform it without problems (24%). There were few technical problems in terms of kinking (one catheter was changed over a wire) or displacement (one placed by a trainee fell out).
However even in experienced hands there are occasions when the procedure is not possible (one of our patients). Moreover, although there were no serious complications in this series, that does not mean it is without risk.
Multiple attempts accounted for a large proportion of the complications (minor bleeding after three attempts, surgical emphysema after three attempts). As reported previously we would recommend a maximum of two attempts in an elective setting 15 . Changes in end-tidal CO 2 do occur over time and they are unpredictable. Large rises occurred even in short procedures, and in some long procedures the end-tidal CO 2 remained normal. Experimentally 5 and clinically it is possible to maintain normocapnia for prolonged periods. Periods of manipulation and discontinued intermittent positive pressure ventilation (IPPV) account for some rises, and on occasions kinking of the catheter can result in inefficient ventilation. In addition, we tended to use quite low rates (100 to 150) and pressures (2 Bar), which we felt gave us greater margin of safety in the event of outlet obstruction. Therefore it is important to use capnography. This is both to confirm correct positioning of the cannula and to ensure adequate CO 2 clearance.
Safety of the technique can be maximized by adequate training. Multiple attempts at transtracheal cannulation should be avoided in the elective situation. It is important to confirm correct cannula placement within the lumen of the trachea. This can be achieved using capnography or under direct vision using the operating laryngoscope.
Free egress of gas is required at all times to prevent barotrauma. The use of high-frequency jet ventilation results in intrinsic positive end-expiratory pressure. An alarm is necessary that measures end-expiratory pressure and immediately stops insufflation when airway pressure exceeds a set value. The ventilator we have used measures the end-expiratory pressure directly through the injector catheter, with an appropriate alarm that automatically stops insufflation. Ventilation should be discontinued during manipulation of the airway by the surgeon.
Extra care must be taken in patients with airway obstruction, either lower airway (asthma, or chronic obstructive pulmonary disease) or upper airway, because of the danger of gas trapping and barotrauma. It is desirable to measure airway pressure in these patients. Unfortunately, this requires placement of either a transglottic catheter or a second cricothyroid cannula.
During high-frequency jet ventilation it is very important that the vocal cords do not close spontaneously. This was achieved in a third (34) of our patients with propofol and opioid alone. Other authors 17 have recommended the use of profound neuromuscular blockade.
The main advantage of the technique is that surgical access is much improved. It also removes the need for intubation, which can be particularly useful in patients with a known difficult airway. In these patients the only other alternative would be a formal tracheostomy. The airway is protected from contamination by blood or debris because of the intrinsic PEEP effect of high-frequency jet ventilation 22 .
Use of a Tuohy needle for the cricothyroidotomy means that there is no flammable object within the airway and therefore improves safety during laser surgery.
In addition to the above, training in this technique is an invaluable adjunct to the emergency management of the difficult airway. By learning the technique in a controlled situation, it is much more likely that that in an emergency the anaesthetist will carry out the procedure successfully.
Though complications were minor in the audited 90 procedures, that does not mean the technique is without risk. The audit has not established clear advantages over other options for airway control during laryngeal surgery. The choice will be governed by the intended surgery and the degree of abnormality and/or obstruction of the airway,
